Introduction
Though preimplantation embryos have methods to maintain intracellular homeostasis , it is well accepted that minimization of stresses imposed upon gametes and embryos during their manipulation within the IVF laboratory is critical in optimizing outcomes. These potential stressors include various environmental parameters controlled within the laboratory, including external pH of the culture media (pHe) (Swain, 2010) . This raises the obvious question of what the ideal pHe(s) should be to optimize human preimplantation embryo development in vitro. This is especially important as some labs or companies now change their pHe depending upon the specific step in their culture system. Unfortunately, the question of an ideal pHe proves very difficult to answer. The objective of this review is to highlight the importance of pH, point out the difficulty in isolating pHe as a variable and discuss the basis for pHe recommendations. Although some IVF handling media contain a zwitterionic buffer and provide superior pHe stability at room atmosphere, in-depth discussion of these media is beyond the scope of this review and more detailed analysis can be found elsewhere (Swain and Pool, 2009; Swain, 2010; Will et al., 2011) .
Methods
Electronic searches were performed using PUBMED and keywords focused on pH and the preimplantation mammalian embryo through August 2011, with no limits placed on a beginning time. Examples of keywords include CO 2 , bicarbonate and hydrogen ion. Relevant papers were then examined to obtain additional publications, including book chapters, that focused on the importance of pH to the oocyte, sperm and embryo.
Importance of pH
Recently, preliminary data have suggested that even slight rises in pHe during brief manipulations outside the laboratory incubator can significantly impact mouse blastocyst development and hatching, as well as significantly alter gene expression profiles (Koustas and Sjoblom, 2011) . One manner in which pHe may be influencing the embryos is likely due, in part, to its impact on intracellular pH (pHi) and cellular resources expended in maintaining intracellular homeostasis. pHi regulates a variety of cellular processes including enzymatic activity, cell division, differentiation, membrane transport, protein synthesis, cell communication, cytoskeleton elements and microtubule dynamics (Regula et al., 1981; Boron, 1986) . Ramifications of an inappropriate pHi in the preimplantation embryo can be discerned from examination of various studies utilizing animal models. It becomes evident that even very slight deviations in pHi for brief periods of time can dramatically impact the developing embryo. Slightly raising (7.42) or lowering (6.87) pHi from a set point of 7.21 for 3 h in hamster cleavagestage embryos results in a relocalization of mitochondria and actin cytoskeletal elements (Squirrell et al., 2001) . Localization of these organelles have been correlated with developmental competence in the oocyte and are known to control chromosomal organization (Bavister and Squirrell, 2000; Zhu et al., 2003; Lenart et al., 2005; Nagai et al., 2006) , and thus may also impact the developing embryo as well. Additionally, slightly raising pHi in mouse embryos 0.1-0.15 pH units from 7.2 significantly alters glycolytic activity and oxidative metabolism , and metabolism has been correlated with embryo developmental competence (Gardner and Leese, 1987; Lane and Gardner, 1996; Gardner et al., 2000 Gardner et al., , 2011 . In a similar fashion, lowering mouse embryo pHi also significantly decreases glycolytic activity (Edwards et al., 1998a, b) . Perhaps most importantly, pHi impacts not only embryo development, but also the resulting fetal development as well. Lowering pHi in mouse embryos with a nonmetabolizable acid from 7.25 to 7.1 for even brief periods as low as 19 h has resulted in fetuses with lower weight and length compared with controls (Zander-Fox et al., 2010) .
Values of pHi will vary depending on the method of measurement, as well as media or culture conditions used during assessment, with the resting pHi of embryos from various species, including human, being 7.1 -7.2 (Table I) (Zhao et al., 1995; Zhao and Baltz, 1996; Edwards et al., 1998a, b; Phillips et al., 2000) . Though one report indicates that pHi may change slightly during mouse embryo development, with blastocysts having a slightly higher pHi (Edwards et al., 1998a, b) , others studies report that pHi remains stable throughout development to the blastocyst stage when using an appropriate culture medium, similar to those used in IVF culture incubators (Zhao et al., 1995; Zhao and Baltz, 1996) . pHi was also found to be relatively stable across cleavage stages when using donated human embryos (Phillips et al., 2000) . This supports the notion that maintaining a stable pHi is necessary to optimize embryo development in vitro.
Maintaining a stable pHi in embryos is accomplished primarily by various membrane regulatory transporters and exchangers that maintain pHi within a specified range (Zhao et al., 1995; Zhao and Baltz, 1996; Gibb et al., 1997; Edwards et al., 1998a, b; Lane et al., 1998; Lane et al., 1999a, b; Phillips et al., 2000) , with later cell stages like the morula maintaining pHi more readily than earlier cleavage stages (Edwards et al., 1998a, b) . Importantly, these regulatory mechanisms are not activated until pHi changes and reaches certain activation values. In human embryos, the HCO 3 2 /Cl 2 exchanger to combat alkalosis is activated when pHi rises above 7.2-7.3 (Phillips et al., 2000) . To combat acidosis, the Na + /H + antiporter becomes active when pHi reaches 6.8 and the Na + , HCO 3 2 /Cl 2 exchanger is activated below pHi 7.0 (Phillips et al., 2000) . Thus, although pHi in normal embryos will not equal pHe, at least initially and briefly, pHi likely follows pHe. Furthermore, if pHe deviates too high or too low, the pHi value can change more significantly (Edwards et al., 1998a, b embryos can develop over a range of pHe from 7.0 to 7.4, although quality of these embryos may not necessarily be equivalent. The pHe/ pHi gradient may also be important, as this gradient is important for ionic balance and can impact molecule uptake and function in other cell types (Prescott et al., 2000) . Undoubtedly, when this gradient is not maintained, increased cellular resources are utilized to restore homeostatic balance. It then becomes clear that maintaining appropriate pHe is important to minimize stress imposed upon preimplantation embryos.
Further highlighting the importance of pH, some cells lack robust pHi regulatory mechanisms. Specifically, the denuded mature oocyte of hamster does not appear to actively regulate pHi . In the mouse oocyte, pHi is regulated through interactions with the surrounding cumulus cells (Fitzharris and Baltz, 2006; FitzHarris et al., 2007; FitzHarris and Baltz, 2009 ). Regulation of pHi in the hamster and mouse oocyte by membrane bound regulators is not restored until 6 -7 h following fertilization/activation Phillips and Baltz, 1999; Phillips et al., 2002) . Additionally, cryopreservation of hamster embryos blunts their ability to regulate pHi, with activity of membrane bound regulators not returning until 4-6 h post-warming . In these cases, these brief time periods before pHi regulation is restored are within the time ranges from the above-mentioned studies, where deviations in pHi elicit a negative impact on embryo and fetal development. This further demonstrates the importance of maintaining an appropriate pHe during IVF procedures. If the same trends and regulatory mechanisms from these model systems hold true for the human, in cases such as ICSI and cryopreservation, we create especially sensitive cells that require an appropriate and stable pHe.
Problem with isolating pHe as a variable
The vast majority of the time that gametes and embryos spend in the IVF laboratory involves enclosure within the protective confines of the incubator. In this standard environment, pHe of culture media is primarily determined through equilibration of elevated CO 2 levels regulated by the incubator and bicarbonate provided by the culture medium. Thus, when attempting to answer the question of an optimal pHe, one could as easily ask what the optimal CO 2 or bicarbonate concentration should be. However, as will be discussed, both bicarbonate and CO 2 can impact embryo development and function, independent of pHe, by participating in various metabolic processes (Wales et al., 1969; Graves and Biggers, 1970; Wales, 1971, 1974; Pike et al., 1975) . One can now begin to appreciate the difficulty in isolating the impact of pHe from these other variables.
Practically speaking, adjustment of CO 2 levels is the easiest method to adjust pHe for the practicing embryologist. This approach has been utilized in attempting to determine an optimal pHe for embryo culture (Brinster, 1965; Carney and Bavister, 1987; Berthelot and Terqui, 1996; Summers and Biggers, 2003) . However, other factors, such as type and concentration of protein added to the medium as well as laboratory elevation, can impact pHe by requiring adjustment of external CO 2 levels. As a result, the same basal medium with the same bicarbonate concentration may not yield the same pHe from laboratory to laboratory, even if the same CO 2 levels are supplied.
We begin to now see the problem with simply trying to determine or use a specific/optimal CO 2 concentration in an effort to determine an ideal pHe.
Furthermore, independent of pHe, carbon from CO 2 is fixed and utilized for various metabolic processes, thereby impacting embryo development/function (Wales et al., 1969; Graves and Biggers, 1970; Wales, 1971, 1974) . Using a radiolabeled bicarbonate substrate, it was demonstrated that mouse embryos fix carbon from CO 2 at all stages of development and incorporate it into various compounds, including metabolic intermediates (oxaloacetate), aspartate and purine bases, and that CO 2 participates in the formation of nucleic acids and proteins, though levels of fixation vary by stage (Graves and Biggers, 1970) . Similarly, it was later shown that carbon fixation in mouse embryos increased as development progressed from the cleavage stages to the blastocyst stage, with the highest levels occurring in those embryos which developed at the fastest rate (Quinn and Wales, 1971) . Labeled carbon from CO 2 was found primarily in the acid soluble fraction of mouse and rabbit embryos, which included compounds such as glutamine and aspartate, likely as a result of transamination of TCA cycle intermediates Wales, 1971, 1974) . Other acid soluble components included citrate, malate, lactate and pyruvate. The incorporation of labeled CO 2 into the RNA of mouse embryos was later confirmed through the use of 14 CO 2 (Pike et al., 1975) . Lesser amounts of carbon fixation have been found in the lipid fraction of embryos Wales, 1971, 1974) . These data and the metabolic influence of carbon from CO 2 may help to explain some of the variation in the literature which attempt to define an optimal pHe via CO 2 adjustment.
Alternatively, pHe can be altered by changing bicarbonate concentrations (Kane, 1974; Summers and Biggers, 2003; Quinn and Cooke, 2004; Hentemann et al., 2011) , and some commercial media manufacturers now alter the bicarbonate concentration of various media used for separate steps of IVF to adjust pHe. This permits the use of a single incubator for multiple IVF steps while using differing pHe for fertilization, cleavagestage embryo culture (Days 1-3) and blastocyst culture (Days 4-6), rather than requiring multiple incubators and/or constant adjustment of CO 2 levels. However, very little data exist regarding the requirements of bicarbonate for developing embryos and the impact of adjusting levels is relatively unknown. Interestingly, it is known that at least minimal concentrations of bicarbonate are needed for rabbit blastocyst formation (Kane, 1975) . As discussed above, radiolabeled bicarbonate was shown to be metabolized and is important for CO 2 generation and carbon fixation (Wales et al., 1969; Graves and Biggers, 1970; Wales, 1971, 1974; Pike et al., 1975) . Also, bicarbonate is needed for pHi regulation and changing media concentrations impact the activity of the HCO 3 2 -dependent exchangers (Zhao and Baltz, 1996) . The use of media devoid of bicarbonate, or with insufficient concentrations, appears to result in elevated pHi (Edwards et al., 1998a, b; Phillips et al., 2000) . Therefore, it may be especially important to maintain a stable and appropriate pHe when cells are placed into IVF handling media containing organic buffers, such as HEPES and MOPS, that often contain reduced bicarbonate levels.
Basis for pHe recommendations
What is known is that the pHi of embryos is 7.1 -7.2. Using a pHe that drifts too far away from the pHi value likely stresses the embryo, Culture media pH for IVF as more resources are required to maintain the proper pHi. Therefore, conventional wisdom tells us that pHe should be slightly higher than pHi to help offset the acidification that occurs as a result of intracellular metabolic processes. Thus, commercial media manufacturers often recommend, and many laboratories culture their embryos, in the range of pHi 7.2-7.4, with some labs opting to now culture embryos closer to 7.2. However, keeping in mind that the pH scale is logarithmic, a 0.2 variation in pHe is actually a .60% change in H + concentration. Thus, it is likely a good practice to keep as narrow a pHe range as possible to reduce variability in the culture system. An emerging paradigm recommends adjusting pHe depending on the step in the IVF culture system. A study of bovine embryos suggested that a higher pHe may benefit fertilization, while a lower pHe may benefit embryo development (Higdon et al., 2008) . Unfortunately, a poor experimental design precludes any concrete conclusion on the impact of pHe. First, two separate types of media were used with varying composition and media composition may impact outcomes independent of pHe. Additionally, while a CO 2 concentration of 5% was used for fertilization and 7% was used for embryo culture, the pHe of the two different basal media was never measured. Thus, whether pHe differed, or how much it differed, and the impact of altering CO 2 levels independent of pHe is unknown. Furthermore, O 2 concentrations were also changed from 20% during fertilization to 5% during embryo culture, making it impossible to attribute any changes to pHe or even CO 2 concentration. Nonetheless, the use of a 'high-low-high' system, where pHe is elevated for fertilization, lowered for cleavage-stage embryo culture and again raised for blastocyst culture has been promoted by commercial media manufactures and implemented through modifications of their media bicarbonate composition. Whether early cleavage-stage embryos prefer a different pHe (or bicarbonate/CO 2 concentration) than later stages of embryo development is unknown. Certainly, as mentioned above, data suggest that these embryos prefer and normally maintain a stable pHi. They also have active pHi regulatory mechanisms, and it is known that later stages of embryos, like the morula and blastocyst, can regulate and maintain their pHi more rigorously than early cleavage-stage embryos (Edwards et al., 1998a, b) . Thus, a need to change pHe is unclear.
That being said, there are some weak data to suggest that a slightly more alkaline pHe may benefit fertilization, though, as discussed later, the effects are likely on the sperm. One of the first indicators, and perhaps most convincing argument that pHe may impact fertilization can be found in Bavister's narrative description detailing his initial hamster IVF experiments and use of phenol red with Bob Edwards at Cambridge (Bavister, 2001) . Using a Tyrode's solution with 12 mM bicarbonate and no controlled gas phase, the highest rates of successful fertilization appeared to occur when the pH indicator was more red (basic). However, subsequent experiments looking at the impact of pHe on fertilization are difficult to interpret. Using a Tyrode's solution and adjusting pHe by altering bicarbonate concentrations demonstrated better sperm penetration at pHe 7.6 -7.8, with rates decreasing as pHe approached 7.2 (Bavister, 1969 (Bavister, , 2001 . Later, Bavister (1981) showed increased fertilization in the hamster at pH 7.4 compared with lower or higher values, though different media and conditions were utilized and, again, bicarbonate levels were also varied to adjust pHe. Similarly, using a higher media pHe (7.8 -8.1) yielded higher rates of mouse oocyte fertilization in excised oviducts compared with media with a pHe of 6.8-7.0, though three times the amount of bicarbonate was used to raise the pHe (Pavlok, 1968) . In these cases, it is important to note that bicarbonate is necessary for successful fertilization (Bhattacharyya and Yanagimachi, 1988; Suzuki et al., 1994) and alternations in bicarbonate concentrations, rather than pHe, are perhaps a more likely explanation for the observed differences in the aforementioned studies. Furthermore, data indicate that there are likely media-dependent and possibly species-specific differences in regard to pHe and fertilization (Miyamoto et al., 1974) .
Interestingly, in the human, it was also demonstrated that slightly higher rates of sperm penetration and pronuclear formation were obtained at pHe 7.5 than at 7.0 (Dale et al., 1998) , though sample numbers were very small. It would be interesting to determine how a more appropriate range of pHe encompassing 7.2, 7.3 and 7.4 impacted similar outcome measures, and whether any differences in fertilization would exist. Furthermore, in this case, pHe was modified by altering CO 2 , so whether observed differences were due simply to pHe is again unclear. Perhaps more importantly, this study found higher rates of sperm binding to empty zona pellucidae at pHe 7.5 compared with that at pHe 7.0 or 8.0. While the relevance of this assay to normal in vitro fertilization is questionable, this observation would seem to suggest that any potential impact of pHe would be more likely due to sperm alterations, as any direct impact of pHe on the ability of an empty zona pellucida to improve sperm binding is unknown. Indeed, intracellular alkalinization appears necessary for capacitation and improved sperm motility in a variety of species (Babcock and Pfeiffer, 1987; Zeng et al., 1996; Hamamah and Gatti, 1998) . Though sperm appear to contain some pHi regulators (Zeng et al., 1996; Garcia and Meizel, 1999) , pHe can impact pHi in sperm (Babcock and Pfeiffer, 1987; Gatti et al., 1993) , including that of human, where there is a linear relationship and pHi is 0.4 U lower than pHe (Hamamah et al., 1996) . Thus, not surprisingly, varying pHe can influence sperm motility in mammals like the rabbit (Emmens, 1947; Pholpramool and Chaturapanich, 1979) , and there are minor effects in human sperm where the optimal pHe is reported to be 7.2 (pHi ¼ 6.8) (Hamamah et al., 1996; Hamamah and Gatti, 1998) . This may be due to enzyme dependence on pH involved with a dynein-ATPase in the axeomes of sperm flagella, similar to that which occurs in sea urchin (Christen et al., 1982) . Ram and bull sperm have a resting pHi of 6.8 (Babcock et al., 1983; Babcock and Pfeiffer 1987) and human sperm pHi has been measured from 6.5 to 6.9 depending on ionic conditions and method of measurement (Brook et al., 1996; Hamamah et al., 1996; Cross and Razy-Faulkner, 1997) . Resting pHi of mouse sperm appears to be 6.5, with an increase of .0.3 U during capacitation (Zeng et al., 1996) . This rise in pHi precedes Ca 2+ influx in bovine, ram and mouse sperm, which influences hyperactivation (Babcock et al., 1983; Babcock and Pfeiffer, 1987; Marquez and Suarez, 2007; Navarro et al., 2007) . An increase in pHi also appears to accompany the acrosome reaction in human sperm (Brook et al., 1996) . Thus, a slightly higher pHe may help facilitate these physiologic changes in sperm during IVF. Considering these data, however, the relevance of universally applying a 'high-low-high' pHe paradigm as suggested by some media manufacturers is unclear. Furthermore, this approach may not agree with what the cells would be experiencing in regard to the pHe environment in the reproductive tract in vivo (Table II) . For example, human follicular fluid is estimated to have a pHe anywhere from 7.2 to 7.7 (Shalgi et al., 1972; Fraser et al., 1973; Imoedemhe et al., 1993) . Although it appears to vary depending on the stage of the cycle, pHe of the oviduct in species like the monkey, rabbit and bovine appears to have a more alkaline pHe ( 7.5 -7.9) (Iritani et al., 1971; Maas et al., 1977; Hugentobler et al., 2004) , while the uterus tends to be more acidic (Elrod and Butler, 1993; Hugentobler et al., 2004) . pHe of human uterine fluid has been measured with a pH electrode and found to be 6.6, while another study found a pHe of 7.1 (Sedlis et al., 1967; Yedwab et al., 1976) . At least in the rabbit, pH may vary depending on the location in the uterus, and the time sampled in relation to implantation (Beier, 1974) . Interestingly, in the mouse, mechanisms to combat intracellular alkalosis decrease at the morula and blastocyst stage (Zhao and Baltz, 1996) , suggesting that a higher pHe could be problematic at these later cell stages. These data would appear to suggest that a 'high-high-low' or 'high-low-low' scheme may be more suitable/physiologic for fertilization, cleavage and blastocyst development. For cases involving ICSI, which do not necessarily need to consider the impact of pHi on sperm, but rather may be more concerned with the requirements of the denuded oocytes, one could even consider a 'low-high-low' or a constant pHe paradigm. Furthermore, if changing pHe is critical, it could also be important to use multiple IVF handling media (HEPES or MOPS buffered) with changing pHe based on whether the media is used with oocytes, sperm or embryos Thus, it remains unclear whether purposely changing pHe during an IVF case carries any benefit, although, as mentioned, we normally strive to maintain constant pHe during manipulations, and fluctuations in pHe can negatively impact developing embryos (Koustas and Sjoblom, 2011) .
Conclusion
Certainly pHe is an important environmental variable to control within the IVF lab, especially with pHe-sensitive cells such as sperm, denuded mature oocytes and cryopreserved/thawed embryos. Although culture media can be formulated to help stabilize pHe, unfortunately, there likely is no 'optimum' in regard to pHe for IVF culture media, as this will vary from media to media based on differences in composition. Amounts of monocarboxylic acids, such as lactate and pyruvate, in culture media can lower embryo pHi (Gibb et al., 1997; Edwards et al., 1998a, b) , and certain amino acids can help in buffering pHi (Edwards et al., 1998a, b) . Thus, gametes and embryos exposed to media with different concentrations of these components may have different pHi, even if the pHe remains same. variables, such as CO 2 and bicarbonate levels, make it difficult to isolate the impact of pHe. Interestingly, the use of zwitterionic buffered media provides a research model to adjust and isolate pHe independent of bicarbonate and CO 2 and may provide further insight into the role of pHe in gamete function and embryo development. Regardless, while various commercial companies list a wide range of acceptable pHe values (Table III) for their media, and while some labs may argue for a benefit of a slightly lower pHe for embryo culture or altering pHe based on embryo stage, there is no argument that tight regulation and a narrow acceptable pHe range is a critical component of a rigorous quality control program aimed at optimizing the culture system. In the future, with emerging molecular assessment techniques capable of examining additional end-points, such as the embryonic metabolome, more detailed insight as to the role of pHe on embryo developmental competence may be elucidated.
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